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ABSTRACT 

We present optical photometry and spectra of the peculiar Type lb supernova (SN) 2006jc. Strong 
and relatively narrow He I emission lines indicate the progenitor star exploded inside a dense cir- 
cumstcllar medium (CSM) rich in He. An exceptionally blue apparent continuum persists from our 
first spectrum obtained 15 days after discovery through our last spectrum ~1 month later. Based on 
the presence of isolated Fe II emission lines, we interpret the blue "continuum" as blended, perhaps 
fluorescent, Fe emission. One or two of the reddest He I line profiles in our spectra are double peaked, 
suggesting that the CSM has an aspherical geometry. The He I lines that are superposed on the blue 
continuum show P-Cygni profiles, while the redder He I lines do not, implying that the blue continuum 
also originates from an asymmetric mass distribution. The He-rich CSM, aspherical geometry, and 
line velocities indicate that the progenitor star was a WNE Wolf-Rayet (WR) star. A recent (2 years 
before the SN), coincident, luminous outburst similar to those seen in luminous blue variables (LBVs) 
is the leading candidate for the dense CSM. Such an eruption associated with a WR star has not 
been seen before, indicating that the progenitor star may have recently transitioned from the LBV 
phase. We also present unpublished spectral and photometric data on SN 2002ao which, along with 
SN 1999cq, is very similar to SN 2006jc. We propose that these three objects may represent a new 
and distinct class of SNe arising from WR progenitors surrounded by a dense CSM. 

Subject headings: stars — winds, stars — Wolf-Rayet, supernovae — general, supernovae — individual 
(SN 2006jc; SN 1999cq; SN 2002ao) 



1. INTRODUCTION 

The most massive stars end their lives as core-collapse 
supernovae (SNe). The broad category of core-collapse 
SNe is divided spectroscopically based on the presence or 
absence of H and He, with the sequence from strong H, to 
He and weak H, to only He, to lacking both H and He be- 
ing (r espectively) Types II, lib, lb, and Ic (see Filippenko 
[l997t for a review). These correspond to progenitor stars 
with progressively decreasing H and He envelopes, with 
the mass loss caused by either stellar wind s or mass trans- 
fer to a companion star. Type Iln SNe (Schlcgel 1990) 
are objects with narrow H emission lines, which are the 
result of the SN ejecta interacting with a dense c ircum- 
stellar medium (CSM) (|Chugai fe Danzigerlll994h . 

Wolf-Rayet (WR) stars are evolved, core He-burning 
stars near the end of their lives. They are thought to 
be the descendants of stars that begin their lives with 
initial masses >40M©, which have already shed their H 
envelopes during a lum inous blue variable (LBV) stage 
(jSmith fc Owockil[200fih. _ exposing their He cores (for a 
review, see lAbbott fe Contil Il987t ). During this stage 
in stellar evolution, the mass loss from stellar winds is 
~ 1CP 5 M Q yr , ab out 100 times higher than that of 
other O and B stars (|Crowtherll200ll. Although the W R 
stage lasts only ~5 x 10 5 years (jAbbott fe Contilll987t ). a 
star can lose several solar masses of material during this 
stage. These facts suggest that WR stars are possible 
progenitors of stripped-envelope (Types lib through Ic) 
SNe. 

iMatheson et alj (|2000aD showed that SN 1999cq had 
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intermediate-width (FWHM w 2000 km s^ 1 ) He emis- 
sion lines similar to the hydrogen lines of SNe Iln, 
but lacking H lines. They suggested that SN 1999cq 
was interacting with a CSM of dense He, but lit- 
tle or no H. U ntil now, only o ne other super- 
nova, SN 2002ao (jMartin et al.ll2002D . has been iden- 
tified as having intermediate -width He emission lines 
(|Filippenko fe Chornockl[200l . 

SN 2006j c was discovered in U GC 4904 by amateur as- 
tronomers (|Nakano et al.ll200l on 2006 Oct. 9.75 (UT 
dates are used throughout this paper). A non-detection 
was reported on Sep. 22, suggesting that the SN was 
discovered shortly after explosion. Soon after detection, 
several groups obtained spectra of SN 2006jc and noted 
the presence of He I em ission lines, but did not asso- 
ciate i t with SN 1999cq (ICrotts et al.ll2006 UFesen et all 
I2006al) . iFesen et al.1 (l2006bf) lat er reclassified SN 2006jc 
as Type la. before iBenetti et al.l (|2006f ) noted its similar- 
ity to SNe 1999cq and 2002ao. 

In addition to optical photometry and spectroscopy 
presented in this Letter, UV and X-ray data we re ob- 
tained with the Swift satellite (|Brown et al.| [2b06L with 
a positive X-ray detection, probably indicating CS in- 
teraction. Further X-ray observations with Chandra 
(jlmmler et al.|[2006l ) confirm the Swift X-ray results. 

Detailed study of the well-observed SN 2006jc presents 
an opportunity to examine the progenitor of a rare but 
important core-collapse SN spanning the gap between 
SNe Iln and lb, sampling the environment of a WR star 
at the end of its stellar life, and helping to clarify what 
appears to be a new subclass of SNe. Here we present 
optical photometry and spectroscopy and discuss the im- 
plications of those data. We also present observations of 
SN 2002ao in the interest of completeness, but leave a 
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detailed analysis of all the data for a future paper. 

2. OBSERVATIONS 

Once the unusual nature of SN 2006jc was noted, we 
began a monitoring campaign that consisted of BVRI 
photometry wi th the Katzman Autom atic Imaging Tele- 
scope (KAIT; iFilippen ko et al.ll2001l ) a nd optical spec- 
trosc opy with the Kast spectrograph (Mill er fc Stone! 
Il993f ) mounted on the Lick O bservatory 3-m S hane tele- 
scope, the LRIS spectrograph ()Oke et al.lll995h mounted 
on the Keck I 10-m telesc ope, and the DEIMOS spectro- 
graph (|Faber et al.ll2003f) mounted on the Keck II 10-m 
telescope. The multi-band photometry began on Oct. 11 
while our first spectrum was obtained on Oct. 24. The 
photometry in this paper continues through Dec. 16 while 
our last spectrum in this paper was obtained on Nov. 24. 

All spectra l data were reduc ed using standard tech- 
niques (e.g., iFolev et al.l f2003h . Using our own IDL 
routines, we fit spectrophotometric standard star spec- 
tra to flux-calibrate our data and remove tel luric lines 
(|Wade fc Hornd Il988t iMatheson et~aT] l2000bD . Photo- 
metric data were obtained with KAIT and the 1-m 
Nickel telescope at Lick Observatory. Magnitudes were 
measured in the Kron-Johnson BVRI system using the 
point-spread fu nction (PSF)-fitting photometry software 
([Stetson! [i~987t ) in the IRAF 2 DAOPHOT package, as 
multi-color template images required for galaxy subtrac- 
tion are not available and the SN is still visible in KAIT 
data. Since SN 2006jc is bright and reasonably isolated 
from its faint host galaxy, galaxy subtraction is not nec- 
essary, and simple PSF-fitting provides us a reasonable 
approach to reduce the photometry at this early time. 
The instrumental magnitudes for SN 2006jc derived this 
way are calibrated with several local standard stars based 
on a calibration from the photometric night of Oct. 21 
with the Nickel telescope. 

3. RESULTS 

We present our low-resolution spectra of SN 2006jc 
in Figure [T] In all spectra, we are able to iden- 
tify intermediate-width He I, Ha, O I, Ca II, and 
Fe II emission lines. There are no photospheric P- 
Cyg ni profiles typically fo und in early SN Ib/c spec- 
tra (fMathcson et alJ l2001h : the spectra seem to con- 
sist of two continuum components (red and blue) and 
intermediate-width (1000 < v < 4000 kms" 1 ) emission 
lines. The redder He lines show a intermediate-width 
emission component (FWHM w 3000 km s " 1 ) similar 
to, b ut slightly wider than, that of SNe Iln (Filippcnko 
1997). As seen in Figure [2l the bluer He lines show 
narrow P-Cygni profiles, with the absorption minimum 
blueshifted by roughly —1000 kms -1 . The emission 
components of the lines with P-Cygni profiles are nar- 
rower (FWHM = 1000 km s _1 ) than the pure emission 
components, presumably because their blueshifted emis- 
sion is self-absorbed. The only discernible characteristic 
between the groups of lines with the two different types 
of line profiles is wavelength; in particular, the groups 
are not distinguished by singlet or triplet state. The line 

2 IRAF: the Image Reduction and Analysis Facility is distributed 
by the National Optical Astronomy Observatories, which is oper- 
ated by the Association of Universities for Research in Astronomy, 
Inc. (AURA) under cooperative agreement with the National Sci- 
ence Foundation (NSF). 
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Fig. 1. — Spectra of SN 2006jc with some line identifications. 
The black curves are SN 2006jc (from top to bottom, the spec- 
tra were obtained on 2006 Oct. 24.5, 2006 Oct. 30.6, and 2006 
Nov. 23.6; dates shown are relative to our first photometric ob- 
servations), the red curve is SN 2002ao obtained on 2002 Feb. 
21.5, corresponding to t = 27 d (all dates relative to our first 
photometric observation, which, as seen in Figure [3] should be 
close to maximum brightnes s) with the Lick 3-m t elescope, and 
the blue curve is SN 1999cq UMatheson et al.|[2000al ') at t = 20 d. 
A recession velocity of 1670 km s" 1 UNorderen e t al. 1997), 1539 
km s-^jKoribalski et al.ll2004T) . and 8200 km s~ fMathcso n et al.l 
2000a) has been removed from the spectra of SNe 2006jc, 2002ao, 
and 1999cq, respectively. The He I, Fe II, and Ca II emission 
lines of SN 2006jc increase relative to the continuum with time. 
The blue continuum increases relative to the red continuum with 
time. SN 2006jc is similar to SNe 2002ao and 1999cq. The main 
difference is the very blue continuum of SN 2006jc as well as a 
few lines, most notably the line at ~6355 A. However, the contin- 
uum differences are likely the result of reddening for SNe 2002ao 
and 1999cq, while the line differences may reflect the observations 
being obtained at slightly different epochs. 

intensity ratios of the He I lines evolve with time, which 
may be an indication of changing densities or NLTE ef- 
fects. 

The spectra all show a relatively flat continuum red- 
ward of ^5500 A, but a very steep blue continuum short- 
ward of ^5500 A, with a minimum B — R color of —0.45 
mag. We have identified a few isolated Fe II lines in the 
spectra of SN 2006jc (see Figure[T]), suggesting that there 
are many other Fe II lines, mostly at short wavelengths. 
It is likely that most of the a pparent blue "contin uum" 
consists of blended Fe lines. iTuratto et al.l (|1993f) sug- 
gested that Fe II emission lines create the excess blue 
continuum of SN 1988Z. The blending of the Fc lines 
makes disentangling the lines difficult, and detailed mod- 
eling is necessary to fully interpret our data. However, 
the amplitudes of the undulations in the blue continuum 
become larger with time, despite no significant change in 
the continuum shape. If the apparent continuum is the 
result of blended Fe lines, the increase of these ampli- 
tudes follows the expected result of Fe II lines increasing 
relative to the continuum (as seen with isolated Fe II 
lines). 



Optical Observations of SN 2006jc 
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Fig. 2.— He I lines of SN 2006jc from 2006 Nov. 23 (lower 
resolution) and 2006 Nov. 24 (higher resolution). The lines from 
top to bottom are He I A3188, A3889, A4471, A4922, A5016, A5876, 
A6678, A7065, A7281, and a line (in blue) we identify as likely Ha. 
The lines with A < 4900 A exhibit P-Cygni profiles. The He I lines 
with A > 4900 A have broad peaks, with He I A7281 showing a 
double-peaked profile. The Ha profile is much narrower than that 
of the He I lines. 



There are still many features that we are unable to 
identify, most notably that centered at 6357 A which 
may be Si II A6355, with FWHM « 6200 km s -1 . This 
feature has some substructure and is wider than other 
emission lines, and thus is likely a blend of several lines. 
While most emission lines increase relative to the contin- 
uum with time, this feature decreases dramatically rel- 
ative to the continuum and disappears by our Nov. 23 
spectrum, which is likely an excitation effect. Since the 
Fe II lines increase relative to the continuum with time, 
it is most likely some other element. The features at 
7881 A (somewhat blended with O I A7774), 8215 A and 
9360 A exhibit the same behavior and width, and may 
be of the same species. 

The slope of the blue continuum of SN 2006jc does 
not change much with time. The emission components 
of all He lines increase relative to the continuum with 
time, while some other species, including O I, decrease 
with time. The Ca II IR triplet also increases with time, 
consistent with other SNe. The evolution of the blue 
continuum is apparent in Figure [3J The B-band light 
curve declines more slowly than the other bands, which is 
unusual for a SN light curve. This supports the argument 
that the blue continuum is the result of a process not 
typically seen in SNe. 

SN 2006jc has maximum absolute magnitudes of 
-17.8, -17.7, -17.8, and -18.1 for B VRI, respectively, 
maki ng it as luminous as SN 19941 ("Richmon d et al.l 
1996). Assuming that nearly all of its luminosity comes 
from 56 Ni to 56 Co to 56 Fe decay, the fact that SNe 19941 
and 2006jc have similar luminosities sug gests they cre- 
ated similar 56 Ni masses, ~ 0.07 Mq dNomoto et al.l 
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Fig. 3. — (top large panel): ij-band light curve of SN 2006jc with 
comparison light curves of SNe 19941 (Ic), 1999cq, 2002ao, and 
2002bu (Iln). The light curve of SN 2002bu is very different from 
the others, having a slower rise and decline, and a slight plateau. 
All other light curves appear similar for ~10 days past R maxi- 
mum, after which SN 1999cq declines much faster than the other 
three. At ~25 days, SNe 2006jc and 19941 slow their decline, while 
SN 2002ao continues its decline. At ~55 days, SN 2006jc begins 
a faster decline, separating from SN 19941. Arkharov ct al. (2006) 
note a brightening in J H Khora days ~30 to 55, corresponding to 
the plateau in the R band. The expected light curve from 56 Co 
decay, corresponding to 0.0098 mag day -1 , is plotted as the solid 
red line, (inset): BVRI light curves of SN 2006jc. The SN declines 
rapidly with Amis(S) = 1.14. The early (late) decline rates are 
0.088 (0.100), 0.087 (0.092), 0.099 (0.066), and 0.092 (0.054) mag 
day -1 for BVRI, respectively, (bottom panel): The B — R color 
curve of SN 2006jc with comparison curves of SNe 19941 (Ic) and 
2002bu (Iln). SN 2006jc is very blue with B - R = -0.45 mag on 
JD 2454040. 



fl99l . 

The early-time decline rates of SNe 2006jc, 2002ao, and 
1999cq are much faster than those of normal SNe Iln (see 
Figure [3] for a comparison to SN Iln 2002bu). The early 
light curves of SNe Iln are powered mainly by circumstel- 
lar interaction and their slow declines at early times in- 
dicate a massive CSM. Despite showing obvious features 
of circumstellar interaction in their spectra, SNe 2006jc, 
2002ao, and 1999cq all decline very quickly, suggesting 
an extremely dense, but low-mass and clumpy CSM. The 
late-time decline rates of these objects are also very fast, 
indicating either a small 56 Ni mass or a small ejecta mass. 

4. DISCUSSION 

4.1. Wolf-Rayet Progenitor in a Dense, He-Rich CSM 

The strength of the intermediate-width He I emission 
lines in SN 2006jc relative to other SNe lb is indicative 
of a dense CSM rich in He. Similar to the H lines seen 
in SN Iln spectra, the He lines of SN 2006jc are the 
result of the SN ejecta interacting with a dense CSM. 
The He I lines seen only in emission have FWHM « 
2000-3000 km s , and the absorption minimum of the 
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P-Cygni pr ofiles is ~1000 km s 1 , velocities typical of 
WR winds ([Abbott fe Contilll987f >. The identification of 
Ha suggests that the progenitor recently ejected material 
containing at least some H into its surroundings, perhaps 
meaning that the pro genitor recently evolved from a LBV 
to a WNE WR star ([Abbott fe Contilll987| ). Addition- 
ally, the smaller width of the Ha line is consistent with a 
different ejection mechanism from that of the He. LBVs 
typically have slower expansion speeds than WR stars, 
indicating that the H might have been ejected during 
the L BV stage, while the He w as ejected during the WR 
stage. iMatheson et al.l (|2000aft did not see any Ha in the 
spectrum of SN 1999cq, but the low signal-to-noise ratio 
of the spectrum makes the measurement ambiguous. The 
spectrum of SN 2002ao does show relatively strong Ha 
(see Figure [J), suggesting that its CSM contains more H 
than that of S N 2006jc. 

As noted by iNakano et al.l (|2006D . there was a bright 
(M = —14.0 mag) outburst coincident with the po- 
sition of SN 2006jc in Oct. 2004, which was initially 
thought to be an L BV outburst similar to SN 1961V 
([Goodrich et al.lll989t) . Unless it was a mere coincidence, 
it seems that the progenitor of SN 2006jc suffered an 
event analogous to the non-terminal eruptions of LBVs 
shortly before final core collapse, ejecting a He-rich shell 
with which the SN ejecta are now interacting. The short 
time between these events may have far-reaching impli- 
cations for the late evolution of massive stars, beyond 
wha t we can discuss he re; however, it is worth noting 
that lChugai et alJ (|2004h determined that SN Iln 1994W 
had an outburst ~1.5 years prior to explosion. Equally 
surprising is that this type of event may have happened 
in a star inferred to be a WN star; while such outbursts 
are known to occur in LBVs that still have their H en- 
velopes, no such variability has been documented in WN 
stars. It may hint that the progenitor of SN 2006jc had 
just recently transitioned from the LBV to the WN stage, 
supporting the notion that LBV mass loss facilitates the 
onset of the WR phase. This would seem consistent with 
the presence of H in its CSM. 

4.2. Blue Continuum 

The slow i?-band decline relative to the R band, the 
steep blue continuum, and the P-Cygni profiles for He I 
all suggest that the emission at wavelengths shorter than 
~5500 A arises from a mechanism that is different from 
that which produces the red continuum. We identified 
some isolated Fe II lines, suggesting that many other 
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Fe II lines are present in the spectrum, but are blended 
and appear as a pseudo-continuum because of their large 
line widths. Since we do not see other high-excitation 
lines, this emission might be provided by fluorescence 
a nd not collisiona l excitat ion. 

IMatheson et~aT1 (|2000ah noted that SN 1999cq had a 
bluer continuum than normal SNe Ic. They also noted 
that SN 1999cq had E(B - V) < 0.45 mag, and argued 
that E{B - V) < 0.25 mag. Similarly, SN 2002ao may 
be extinguished. Correcting for reasonably small redden- 
ing, the continua of both SNe 1999cq and 2002ao have 
similar colors to that of SN 2006jc, indicating that these 
events may also have a strong blue continuum. The main 
difference between the spectra is the strong Ca II H&K 
absorption in SN 1999cq. 

4.3. Aspherical Geometry 

The double-peaked nature of some He I lines suggest 
a complex, asymmetric CSM. Unlike SNe Iln, the light 
curve of SN 2006jc declined very quickly, suggesting that 
there is little mass in the CSM. However, the strong emis- 
sion lines indicate a very dense CSM. These facts are 
compatible if the CSM is asymmetric or clumpy. Also, 
the P-Cygni profiles seen only for the blue He I lines 
also indicate asymmetry, because the blue continuum is 
absorbed by the He gas, whereas the red continuum (pre- 
sumably from the inner SN debris) is not. 

A simple way to explain these observables is supernova 
ejecta interacting with a bipolar CSM, which causes the 
double-peaked nature of the He lines. The He-rich CSM, 
which was likely the result of the recent (2004) outburst, 
may be asymmetric because of either rapid rotation in 
the progenitor or strong interaction with a binary com- 
panion. 
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